Abstract Vehicular Delay-Tolerant Networking (VDTN) is a Delay-Tolerant Network (DTN) based architecture concept for transit networks, where vehicles movement and their bundle relaying service is opportunistically exploited to enable non-real time applications, under environments prone to connectivity disruptions, network partitions and potentially long delays. In VDTNs, network resources may be limited, for instance due to physical constraints of the network nodes. In order to be able to prioritize applications traffic according to its requirements in such constrained scenarios, traffic differentiation mechanisms must be introduced at the VDTN architecture. This work considers a priority classes of service (CoS) model and investigates how different buffer management strategies can be combined with drop and scheduling policies, to provide strict priority based services, or to provide custom allocation of network resources. The efficiency and tradeoffs of these proposals is evaluated through extensive simulation.
Introduction
Vehicular delay-tolerant networks (VDTNs) [1] are a promising technology for vehicular communications, based on the delay-tolerant networking (DTN) paradigm [2] . Nonetheless, VDTN is a new proposal with a layered architecture that assumes the separation between control and data planes and places the bundle layer below the network layer.
The control plane is responsible for exchanging signaling information between nodes at a contact opportunity. This information is used to setup a data plane connection to transmit data between network nodes. Bundles are defined as the protocol data unit at the VDTN bundle layer, and represent aggregates of Internet protocol (IP) packets with common characteristics, such as the same destination node.
In VDTNs, end-to-end connectivity does not require a continuous end-to-end path between source and destination nodes. Vehicle mobility and the store-carry-and-forward paradigm are exploited to extend the range of the network. Vehicles store bundles on behalf of the sender and carry them while moving along roads. When a node is in range with other network nodes, bundles are forwarded to their final destination or to intermediate nodes that can take the data closer to its destination. This paradigm allows that vehicles may carry data over time, from source (eventually, if possible) to the destination.
Opportunistic bundle replication is performed at contact opportunities. It contributes to the delivery probability improvement and minimizes the delivery delay. However, on the other hand, it increases the contention for network resources (e.g., bandwidth and storage), leading to poor overall network performance [3, 4] . Figure 1 depicts a VDTN scenario. Mobile nodes (e.g., vehicles) physically carry data exchanging bundles with one another. They move along the roads randomly (e.g., cars), or following predefined routes (e.g., buses). Stationary relay nodes are fixed devices located at road intersections with store-and-forward capabilities. They allow mobile nodes passing by to pickup and deposit data on them, thus increasing contact opportunities, and contributing to increase bundles delivery ratio while decreasing bundles average delay [5, 6] .
VDTNs enable non-real time applications in scenarios where a conventional telecommunications infrastructure is not available or is destroyed. Examples of these networks include networks to disseminate information advertisements (e.g., marketing data) or safety related information (e.g., emergency notification, traffic condition and collision avoidance) [7] , monitoring networks to collect data (e.g., pollution data, road pavement defects) [8] , transient networks to benefit developing communities in remote rural regions [9, 10] , and disaster recovery networks to restore communications following a natural disaster [11] .
In fact, multiple of those applications can be supported simultaneously on a single vehicular delay tolerant network. For instance, one can envision a scenario where a VDTN is opportunistically exploited to transport data from an emergency dissemination information application and from a monitoring pollution data collection application.
Each of these applications generates data bundles with different requirements. An application for emergency dissemination information is better served by minimizing delivery delay (since the information becomes quickly outdated), whereas an application for monitoring pollution data collection is better served by maximizing delivery ratio.
The use of a traditional best-effort store-carry-andforward service is inadequate in such scenario, since bundles from both applications would be treated equally. Without implementing traffic prioritization, the VDTN network is not able to distinguish bundles with different priorities and to provide preferential treatment to higher priority bundles. This paper addresses this problem, focusing on the proposal of traffic differentiation support on vehicular delaytolerant networks. In order to classify data bundles, a priority class service model is considered. Different buffer management strategies and drop policies with distinct approaches to buffer space allocation and contention resolution are evaluated. These mechanisms are combined with scheduling policies with different solutions to the traffic prioritization problem.
This work extends a preliminary contribution about the impact of scheduling and drop policies for traffic differentiation on VDTNs [12] . The paper has been extended in two directions: (i) introducing different buffer management schemes and correspondent drop policies; and (ii) proposing a scheduling policy that explores contact duration information for traffic prioritization.
The remainder of the paper is organized as follows. Section 2 presents the problem definition and the motivation for traffic differentiation. Section 3 presents an approach proposed for prioritizing network traffic, describing in detail the buffer management strategies and the scheduling and drop policies proposed in the context of this work. Section 4 focuses on the performance assessment of the proposed approaches. Section 5 concludes the paper and points further research directions.
Problem definition and motivation
Data communications in vehicular delay-tolerant networks (VDTNs) present new challenges when compared with other kinds of networks. VDTN networks can be sparse and partitioned, due to the large distances usually involved and low node density. This results in a few transmission opportunities and high and unpredictable delays.
Taking into account the high speed of vehicles, VDTNs register short contact durations and experience rapid changes in topology. The vehicles mobility pattern directly influences inter-contact time distributions. At the same time, limited transmission ranges, physical obstacles, and interferences, contribute to intermittent connectivity and high error rates commonly observed in these networks. All these characteristics, together with limited data transfer rates, restrict the number of data bundles exchanged between network nodes during encounters.
To enable data delivery in such environments long-term storage is combined with routing replication schemes. These
